Abstract: Direct seeding is a labor-saving rice cultivation method, but poor establishment is a major obstacle to the widespread use of this practice. This study examined the suppressive effect of ammonium sulfate, a nitrogen fertilizer, on seedling establishment in submerged soil. Establishment was impaired even at 20ºC by the application of sulfate salts, including ammonium sulfate and potassium sulfate, but not by ammonium chloride. Impairment by ammonium sulfate did not occur in autoclaved soil. In addition, the redox potential in the soil near the seeds decreased rapidly to levels that allowed sulfide ion generation, even at 20ºC. The sulfur concentration in the soil near the seeds decreased with the decline in redox potential, suggesting that sulfide ions were transformed from soluble sulfate ions into insoluble iron sulfide through binding with ferrous ions near the seeds. These results imply that sulfate ions may be transformed into sulfide ions by bacteria only around the seeds if sufficient sulfate ions are present in the soil, thereby impairing the establishment of seeds sown directly in submerged soil, even under cool springtime conditions and in paddy fields that do not dry out prior to submergence.
sulfide ions are generated in actual direct seeding and whether they impair the establishment of directly seeded rice. In fact, the idea that sulfide ions impair the establishment of directly seeded rice in paddy fields is not usual, because sulfate salts (e.g., ammonium sulfate) are sometimes applied to paddy fields even at direct seeding.
Ammonium salts, which are used as nitrogen fertilizers in paddy fields, also impair the establishment of seedlings in submerged soil (Hara and Toriyama, 1998; Kanno et al., 1999) . Yamamoto et al. (2004) reported that ammonium sulfate was the most detrimental among the major ammonium fertilizers for non-coated seeds in cold regions, although they did not discuss the possibility of sulfide ion generation as a cause of the impaired establishment associated with ammonium sulfate treatment. Thus, even when soil does not dry out steadily and even when seeds are sown directly soon after submergence during the cool weather in spring, sulfide ions generated from sulfate ions may impair the establishment of directly seeded rice if sufficient sulfate ions are present in the soil. It is necessary to clearly establish whether sulfide ions are generated under realistic direct-seeding conditions and whether they impair the establishment of directly seeded rice under such conditions.
It is difficult to analyze sulfide ion generation in submerged soil because sulfide ions immediately change to harmless, insoluble iron sulfides in the presence of ferrous ions (Kumada, 1949; Furusaka, 1968; Ponnamperuma, 1972) . Sulfide ion generation can be estimated indirectly by using the redox potential. Sulfide ions are generated when the redox potential declines to −0.18 − −0.05 V (Patrick and Jugsujinda, 1992; Marschner, 1995) . Hagiwara et al. (1987) showed that the redox potential is lower in the near-seed soil than in unseeded soil, using the redox indicator color. They also reported that the lowest redox potential of near-seed soil was about −0.05 V, based on measurements of the redox potential of air-dried soil submerged at 28ºC. However, the sulfide ion generation could not be judged by this low redox potential. The analysis of sulfide-ion generation requires more detailed measurements of these potentials in near-seed soil under cool temperatures without previous drying of the soil.
The objective of this study was to clarify whether sulfideion generation would impair the establishment of rice seedlings in submerged soil under realistic conditions corresponding to those in direct seeding; the soil was not steadily dried before submergence and the temperature was cool. Under such conditions, I confirmed that ammonium sulfate and microbial action were required for the impairment of seedling establishment (Exp. 1). I also compared the impairment effects of potassium sulfate and ammonium chloride with those of ammonium sulfate to confirm whether sulfate ions were responsible for the observed impairment (Exp. 2). In addition, I identified the generation of sulfide-ions by precisely measuring temporal redox potentials in submerged near-seed soil (Exp. 3) and by analyzing the changes in soluble mineral nutrient levels in near-seed soil solutions (Exp. 4).
Materials and methods
1. Effect of ammonium sulfate and autoclaving on seedling establishment (Exp. 1) Moist soil (fine-textured gray lowland soil, light clay) was obtained from the topsoil (ca. 0 − 10 cm in depth) of a paddy field located in Chikugo City, Fukuoka Prefecture, Japan. The water content of the soil was about 25% by weight. The pH (H 2 O) of the soil was 6.2. The carbon and nitrogen contents were 2.4 and 0.14 mol kg -1 dried soil (29 and 2.0 g kg -1
), respectively. The cation exchange capacity of the soil was 0.18 mol kg -1 . The free iron oxide content was 0.11 mol kg -1 (18 g kg -1
), as determined by dissolution using dithionite (Asami and Kumada, 1959) . The available soil sulfur content was 2.0 mmol kg -1 (63 mg kg -1 ), as determined by extraction with 0.03 M potassium dihydrogen phosphate (Suzuki, 1977) . The soil was passed through a 10-mm sieve without previous drying and then refrigerated until use to minimize changes in soil conditions.
Wet soil equivalent to 120 g of dry soil was placed in each pot (8-cm in diameter, 8-cm high) and half of the pots were autoclaved (121ºC for 1 hr). A solution containing ammonium sulfate and potassium chloride (1 mmol kg -1 ) was added to each pot until the total amount of water was 1.5 times the weight of dry soil. The added amount of ammonium sulfate was 0.0 − 7.1 mmol kg -1 dried soil (0 − 20 g m -2 nitrogen, assuming that 100 kg dried soil corresponded to 1 m 2 ). The addition of potassium chloride was intended to mask the effect of the ion intensity of the soil solution. The mixture was shaken for 1 hr to imitate puddling in the field and then kept in a refrigerator for 2 d. The depth of the soil layer was about 40 mm and that of the supernatant solution was about 15 mm. The supernatant solution was sampled immediately before sowing. Ammonium-nitrogen concentrations were determined using a colorimetric method (Bran +Luebbe QuAAtro) and sulfur concentrations were analyzed using inductively coupled plasma atomic-emission spectroscopy (ICP-AES; Varian Vista AX).
Nine germinated rice seeds (cv. Hinohikari) were sown at a soil depth of 15 mm in each pot using tweezers. The sowing holes closed automatically because the puddled soil was soft. The pots were placed in growth chambers at a constant temperature of 20ºC and illuminated with fluorescent lights for 12 hr d . Water level was maintained at about 15 mm. Seedling emergence was determined by the appearance of the coleoptile on the soil surface, and establishment was determined by the appearance of the third leaf. Rates of emergence and establishment were measured 28 d after sowing. Six pots were used for each condition. Methylene blue (1 g kg -1 dried soil) was added to the other unautoclaved pots before shaking, and seeds were sown on the sides for observation because methylene blue is decolorized when the redox potential is below about 0.05 V at pH 6.0 (Hagiwara et al., 1987 ) was added until the total amount of water was 1.5 times the weight of dry soil.
Soil redox potential was determined by calculating the difference in electrical potential between a platinum electrode (Fujiwara Scientific Co. EP-201) and a reference electrode (TOA-DKK REF4400-0.65C). These electrodes were first assessed using quinhydrone, following the Eh meter manual for soil (Fujiwara Scientific Co. EHS-120). The electrodes were inserted approximately 3 cm into the soil in the pots. A germinated rice seed (cv. Hinohikari) was attached to a platinum electrode covered with a polyethylene net and the electrode was then inserted approximately 3 cm into the soil. The difference in electrical potential between electrodes was measured automatically at hourly intervals for 2 wk using data loggers (Hioki 3645) and self-produced relay circuits. Measurements for each condition were taken using five sets of electrodes in unseeded soil and eight sets of electrodes in near-seed soil.
The redox potential [Eh (V)] versus the standard hydrogen electrode was determined by calculating the 
Effect of ammonium or sulfate on soil mineral
concentrations (Exp. 4) As in Exp. 1, wet soil equivalent to 120 g of dry soil was placed in each pot and a solution containing potassium chloride (1 mmol kg -1 ) with or without ammonium chloride, ammonium sulfate, or potassium sulfate was added until the amount of water was 1.5 times the weight of dry soil. The added amounts of ammonium chloride, ammonium sulfate, and potassium sulfate were 7.1, 3.6, and 3.6 mmol kg -1 , respectively, to equalize the amount of ammonium ions or sulfate ions.
Soil solution samples were obtained for analysis using vacuum tubes and porous pipes 5 cm in length and 6 mm in diameter (Hara and Toriyama, 1998) . For measurement of near-seed soil, two germinated rice seeds (cv. Hinohikari) were attached to a porous pipe with a polyethylene net and the pipe was then inserted into the bottom of the pot. For measurement of unseeded soil, the porous pipe was similarly inserted but without seeds. Soil solution was sampled using two sets of pipes for each condition. Soil solutions of about 10 mL were obtained at intervals of 2 − 3 d and 0.2 mL of 6 M hydrochloric acid was added to prevent insolubilization. Nitrate and ammonium concentrations in the soil solutions were determined using a colorimetric method (Bran +Luebbe QuAAtro). Nonpurgeable organic carbon (in short, carbon) and nitrogen concentrations were determined using a total organic carbon analyzer (Shimadzu TOC-VCPH & TNM-1). The concentrations of other mineral nutrients (Ca, Fe, K, Mg, Mn, Na, S, Si, P) were analyzed using inductively coupled plasma atomic-emission spectroscopy (ICP-AES; Varian Vista AX). The sulfide ion concentration was measured using a photometric method with N,N-dimethyl-pphenylenediammonium (Japanese Industrial Standards 2008) .
Results

Effect of ammonium sulfate and autoclaving on seedling establishment (Exp. 1)
The ammonium-nitrogen and sulfur concentrations of the supernatant solutions in the pots increased almost linearly with the increase in applied ammonium sulfate; the former was 0.0 − 1.7 mM and the latter was 0.4 − 4.0 mM after the application of 0.0 − 7.1 mmol kg -1 ammonium sulfate.
Seedlings emerged about 1 wk after sowing, regardless of ammonium sulfate application or autoclaving. Emergence rates at 28 d after sowing were 70 − 85% in non-autoclaved soil and 91 − 98% in autoclaved soil (Fig. 1) . Ammonium sulfate had little effect on emergence. In contrast, establishment rates were 0 − 69% in nonautoclaved soil and 74 − 89% in autoclaved soil. In nonautoclaved soil, emerged coleoptiles began to die about 2 wk after sowing and establishment rates at 28 d after sowing were decreased to 22% and 0% by application of 1.4 and 3.6 mmol kg -1 , respectively. However, the addition of ammonium sulfate did not decrease establishment rates in autoclaved soil.
In unautoclaved pots, methylene blue changed from blue to colorless about 3 d after sowing and black circles appeared around the seeds about 5 d after sowing. These circles were more intense with increase in the amount of ammonium sulfate and were only weakly visible in samples lacking ammonium sulfate. Methylene blue application did not seem to affect seedling growth.
Effects of ammonium and sulfate on seedling establishment (Exp. 2)
Establishment rates were 79% at 20ºC and 67% at 30ºC in the absence of ammonium and sulfate (Fig. 2) . Ammonium chloride application slightly decreased the rate to73% at 20ºC, and, 56% at 30ºC.
The application of ammonium sulfate significantly decreased the establishment rate at 20ºC; to 47% at 0.5 mmol kg -1 sulfate to 4% at 1 mmol kg -1 sulfate. At 30ºC, it decreased to 33% at 1 mmol kg -1 sulfate and to 6% at 2 mmol kg -1 sulfate. Ammonium sulfate thus had a strong inhibitory effect on seedling establishment at 20ºC and 30ºC.
The application of potassium sulfate at 2 mmol kg -1 significantly decreased the establishment rate to 56% at 20ºC, and to 39% at 30ºC. Potassium sulfate thus had a weaker inhibitory effect than ammonium sulfate on seedling establishment. In every case, methylene blue around the seeds changed from blue to colorless about 3 d and 2 d after sowing at 20ºC and 30ºC, respectively. Black circles also appeared around the seeds about 5 d and 3 d after sowing at 20ºC and 30ºC, respectively, although the coleoptiles of seeds showed no sign of dying at this time. The intensity of the black circles increased with the increase in the amounts of ammonium sulfate or potassium sulfate applied at 20ºC and 30ºC, but was very weak in the samples supplied with ammonium chloride.
Effect of ammonium sulfate on soil redox potential (Exp. 3)
Redox potentials in bulk soil without seeds (unseeded soil) did not decline below 0.3 V at 20ºC and −0.1 V at 30ºC, even after 14 d of incubation (Fig. 3) . In contrast, the redox potential in near-seed soil declined more rapidly than in unseeded soil and became almost constant at −0.2 − −0.1 V at 4 d at 20ºC and 2 d at 30ºC after sowing. Redox potentials in unseeded and near-seed soil were not affected by ammonium sulfate. Because the seeds were covered with polyethylene net and sown deeply, they did not emerge above the soil surface. Seeds were sown in non-autoclaved or autoclaved soils to which different amounts of ammonium sulfate were added. They were kept in growth chambers for 28 d at 20ºC. Error bars represent standard errors (n =6). ** and *: significantly different at 1% and 5% levels, respectively, vs. samples lacking ammonium sulfate (Dunnett's multiple comparison). Pots were placed in growth chambers at 20 or 30ºC. Error bars represent standard errors (n =6). ** and *: significantly different at 1% and 5% levels, respectively, vs. samples lacking ammonium or sulfate salts (Dunnett's multiple comparison). Fig. 3 . Effects of ammonium sulfate and seeds on soil redox potential. Seeds were sown in submerged soil to which nothing or 3.6 mmol kg -1 ammonium sulfate [(NH 4 ) 2 SO 4 ] was added, and incubated at 20 or 30ºC. "Near-seed soil" refers to the redox potential in the soil near the seed, and "Unseeded soil" refers to the redox potential of unsown soil. Measurements were taken five times in unseeded soil and eight or fewer times in near-seed soil. Standard errors are represented by the thin lines at the bottom of the graph.
Effects of ammonium and sulfate on soil mineral concentrations (Exp. 4)
Nitrogen concentrations in the soil solutions (Fig. 4 ) were higher in samples to which ammonium salts had been added. Nitrogen concentrations decreased rapidly for 4 d at 20ºC and 2 d at 30ºC of incubation, reflecting nitrate concentrations (data not shown), and then remained almost constant after the extinguishment of nitrate. Ammonium concentrations were constant or slightly decreased (data not shown). These concentrations were only slightly affected by the presence of rice seeds.
The manganese concentration increases earlier and Seeds were sown in submerged soil to which nothing, 7.1 mmol kg -1 ammonium chloride (NH 4 Cl), 3.6 mmol kg -1 ammonium sulfate [(NH 4 ) 2 SO 4 ], or 3.6 mmol kg -1 potassium sulfate (K 2 SO 4 ) was added, and incubated at 20 or 30ºC. "Near-seed soil" refers to the near-seed soil solution, and "Unseeded soil" refers to unsown soil solution. Error bars represent standard errors (n=2).
more rapidly in near-seed soil solutions than in unseeded soil solutions. The concentration of manganese in nearseed soil solutions increased at 4 d and 2 d after sowing at 20ºC and 30ºC, respectively, and in unseeded soil solutions at 6 d and 4 d after sowing at 20ºC and 30ºC, respectively (Fig. 5) .
Concentrations of iron (Fig. 6 ), phosphorus (data not shown), and carbon (Fig. 7) in unseeded soil solutions remained essentially constant, but those in near-seed soil increased at 6 d and 4 d after sowing at 20ºC and 30ºC, respectively.
The sulfur concentration was higher in soil solutions supplied with sulfate salts than in those without sulfate salts (Fig. 8) . The sulfur concentration decreased only in nearseed soil solutions regardless of the addition of sulfate salts; no such decrease was observed in unseeded soil solutions. The decrease in sulfur concentration was greater in samples to which sulfate salt had been added than in those that lacked sulfate salts. The decrease in sulfur concentration was also larger in the samples supplied with ammonium sulfate than in those without potassium sulfate. The decrease began 6 d and 4 d after sowing at 20ºC and 30ºC, respectively. Sulfide ions detected in soil solutions was less than 0.01 mM, regardless of the presence of seeds (data not shown). The concentrations of other mineral nutrients (Ca, K, Mg, Na, Si) were essentially constant and were not significantly affected by the presence of seeds (data not shown) except for the increase in the concentrations of calcium and magnesium in near-seed soil solutions without added salts, at 6 d and 4 d after sowing at 20ºC and 30ºC, respectively.
Discussion
Sulfate application impairs establishment under directseeding conditions
The addition of ammonium sulfate to the soil did not impair seedling emergence but did impair establishment under submerged conditions at both 30ºC and 20ºC (Figs.  1, 2) . These results are consistent with those reported by Yamamoto et al. (2004) , who found that ammonium sulfate was the most detrimental component among the major ammonium fertilizers for uncoated seeds in paddy fields with an average soil temperature of about 19ºC. In these studies, the soils were not air-dried before submergence. Kawaguchi (1944) also reported that the growth of rice seeds was impaired by application of ammonium sulfate, but he used air-dried soil and conducted the experiments at a temperature higher than 30ºC. Kawaguchi concluded that the impairment by ammonium sulfate was caused by the reduction of sulfate ions. Soil reduction can be promoted at a higher temperature (Akamatsu, 1969) or by air-drying the soil before submergence (Kawaguchi and Yamamoto, 1942; Sato and Yamane, 1959) . Interestingly, in our studies, the application of ammonium sulfate impaired seedling establishment even at 20ºC and in soils not dried before submergence. These conditions are more realistic for direct seeding in warm temperate regions.
This impairment occurred with ammonium sulfate application at 1 − 2 mmol kg -1 (Figs. 1, 2 ), which corresponded roughly to an ammonium-nitrogen concentration of 0.1 − 0.2 mM and about 1 mM sulfur in the supernatant solution, according to the results of Exp. 1. The impaired establishment at these concentrations is in agreement with the results obtained by Yamamoto et al. (2004) , who found that establishment was impaired at 2 − 4 mg kg -1 ammonium-nitrogen concentrations in soil solution, corresponding to 0.07 − 0.14 mM ammonium sulfate. Impairment could occur in actual direct-seeding because the amount of the applied nitrogen needed to impair seedling establishment corresponded to 2.8 − 5.6 g m -2 in this study, assuming that 100 kg dried soil corresponds to 1 m 2 . In the case of Yamamoto et al. (2004) , seedling impairment occurred with application of 4 g m -2 nitrogen. The application of potassium sulfate also impaired seedling establishment, although the degree of impairment was weaker than that by ammonium sulfate (Fig. 2) . The application of ammonium chloride did not impair seedling establishment. These findings suggest that the impairment of establishment by ammonium sulfate was caused by sulfate ions, rather than ammonium ions. The impairment effect of ammonium sulfate on seedling establishment was stronger than that of potassium sulfate (Fig. 2) probably because ammonium ions also impaired seedling establishment under submerged soil (Hara and Toriyama, 1998; Kanno et al., 1999; Yamamoto et al., 2004) . The failure of ammonium chloride to impair seedling establishment in Exp. 2 may be due to the conflicting effects of ammonium ions: impairment of seedling establishment under submerged soil, and promotion of growth under aerobic conditions (Hara and Toriyama, 1998) .
Soil reduction and mineral nutrient concentrations near the seeds
In previous studies, the redox potential of moist soil declined more slowly than that of air-dried soil after submergence (Kawaguchi and Yamamoto, 1942; Sato and Yamane, 1959) . In this study, the redox potential declined more rapidly in near-seed soil than in unseeded soil which was not air-dried (Fig. 3) , in agreement with the findings of Hagiwara et al. (1987) , who used air-dried soil.
The effects of the presence of seeds on mineral nutrient concentrations in soil solution and on soil redox potential were analyzed to determine why the redox potential declined more in near-seed soil than in unseeded soil. The reduction process in submerged soil involves mainly changes in nitrate, manganese, iron, and sulfur (Marschner, 1995) . Nitrate decreased quickly up to 4 d and 2 d of incubation at 20ºC and 30ºC, respectively, and was unaffected by the presence of seeds (Fig. 4) . Manganese increased in near-seed soil solutions at 4 d (20ºC) or 2 d (30ºC) incubation, whereas in unseeded soil solutions it increased 2 d later (Fig. 5) . Iron in near-seed soil solutions increased at 6 d (20ºC) or 4 d (30ºC) incubation, whereas in unseeded soil it barely increased (Fig. 6) . The increase began 2 d after the redox potential in the near-seed soil reached the minimum value of about −0.2 V (Fig. 3) . Sulfur decreased only in near-seed soil solutions and this decline began at 6 d (20ºC) or 4 d (30ºC) incubation (Fig.  8) , and at 2 d after redox potentials reached the minimum value of about −0.2 V (Fig. 3) . Apparently, the presence of seeds strongly affects the behavior of iron and sulfur.
Phosphorus and carbon concentrations were also affected by the presence of seeds. Phosphorus increased only in near-seed soil solutions, in accordance with the increase in iron, because phosphorus is dissolved in unison with ferric reduction (data not shown). Carbon concentrations also increased but only in near-seed soil solutions, indicating that the amount of soluble organic substances increased (Fig. 7) . These substances were likely organic acids lacking nitrogen, because nitrogen concentrations did not increase (Fig. 4) . The change in carbon concentrations in near-seed soil solutions began at 2 d after the redox potential reached the minimum value of about −0.2 V, although carbon concentrations in unseeded soil solutions were minimally affected; this was similar to the change in iron, sulfur, and phosphorus concentrations. It is clear that these changes were affected by soil redox potential but it is not clear whether the changes in carbon concentration were directly affected by redox potential. Soluble organic substances may be generated from the soil with the decrease in redox potential or may be derived from the organic matter supplied by the seeds. It is possible that the strong soil reduction near the seeds is a result of the microbial decomposition of the organic matter from seeds.
Sulfide ions are generated near the seeds under directseeding conditions
The redox potential of near-seed soil became constant at about −0.2 V within 4 d and 2 d after sowing at 20ºC and 30ºC, respectively (Fig. 3) . These results suggest that sulfide ions are generated in near-seed soil soon after sowing, not only at 30ºC but also at 20ºC because sulfideion generation begins when redox potentials decline to −0.18 − −0.05 V (Patrick and Jugsujinda, 1992; Marschner, 1995) .
Sulfur decreased only in near-seed soil solutions, regardless of sulfate addition. This decline began at 6 d (20ºC) or 4 d (30ºC) after sowing (Fig. 8) , 2 d after redox potentials reached a minimum value of about −0.2 V (Fig.  3) . In addition, black circles appeared around the seeds at about 5 d (20ºC) or 3 d (30ºC) after sowing (Exp. 2), in accordance with the decrease in sulfur concentration. These results suggest that sulfide ions were generated in near-seed soil soon after sowing and that the sulfur concentration decreased following the production of black insoluble iron sulfides in the presence of ferrous ions (Kumada, 1949; Akamatsu, 1969; Ponnamperuma, 1972) .
No sulfide ions were detected even in near-seed soil solutions, possibly because these unstable ions were rapidly insolubilized by the reaction with ferrous ions (Furusaka, 1968; Ponnamperuma, 1972) . The possibility remained that reductive sulfide ions are exhausted by the incorporation of oxidative soil solution, which is distant from seeds, or by incorporation of oxygen in the air during the period from sampling to quantitative analysis. In addition, sulfide ions might vaporize as hydrogen sulfide under reduced pressure in vacuum tubes. Accordingly, the result that sulfide ions were not detected does not mean that sulfide ions were not generated near the seeds.
Sulfide ions inhibit the growth of even mature rice during hot summers; this symptom is referred to as "autumn decline" and is associated with a decrease in soil redox potential (Okajima and Takagi, 1959; Furusaka, 1968) . Air-dried paddy soils have often been used in studies on sulfide ions (Osugi and Kawaguchi, 1938; Kawaguchi and Yamamoto, 1942; Kawaguchi, 1944; Sato and Yamane, 1959) . According to Osugi and Kawaguchi (1938) , sulfides are not generated below 25ºC, even in submerged soil that was previously dried. Therefore, it remained unresolved whether sulfide ions could be generated under cool conditions following submergence of soil that was not previously dried, corresponding to actual paddy soil, because the reduction of submerged soil would be promoted by a high temperature and previous soil drying and would be suppressed by keeping the soil moist (Kawaguchi and Yamamoto, 1942; Sato and Yamane, 1959) .
In this study, the soil was sampled from a paddy field under moist conditions, and was submerged at 20ºC without being dried. Accordingly, the lower and faster decline in redox potential and the sulfur concentrations in the near-seed soil solutions (Figs. 3, 8) in this study indicate that sulfide ions are generated near the seeds even under cool temperatures and even if the soil is not previously dried. Because these conditions are more realistic, sulfide ions may be generated in actual direct seeding, especially in warm temperate regions. Kawaguchi (1944) reported that the germination and growth of rice were impaired by application of ammonium sulfate at 32 − 35ºC following submergence of air-dried soil. He suggested that the impairment could have been caused by sulfide ions. With this in mind, I hypothesized that sulfide generation may be one cause of the impairment of seedling establishment of direct-seeded rice plants. This hypothesis was supported by the observation of black circles around the seeds before the seed coleoptiles showed signs of dying in Exp. 2. This view was further supported by the impaired establishment of rice sown in submerged soil with added sulfate (Figs. 1, 2) . Furthermore, these phenomena did not occur in autoclaved soil (Fig. 1) , indicating that sulfide-ion generation was inhibited by soil sterilization, because sulfide ions are transformed from sulfate ions by soil bacteria (Furusaka, 1968) . These results suggest that the transformation of sulfide ions from sulfate ions by soil bacteria near the seeds contributes to impaired establishment, even in rice directly seeded under cool conditions of around 20ºC in soil that was not previously dried, if the sulfate ion concentration in the soil is sufficient. Incidentally, the establishment was impaired more at 20ºC than at 30ºC (Fig. 2) although soil was reduced more slowly at 20ºC than at 30ºC (Fig. 3) . This may be because the growth of seedlings escaping from reduced soil was slower at 20ºC than at 30ºC.
Sulfide ions impair establishment under direct-seeding conditions
Harmful sulfide ions become harmless iron sulfides when they bind with ferrous ions (Kumada, 1949; Furusaka, 1968; Ponnamperuma, 1972) . Iron has been applied to paddy soil to avoid autumn decline, which is characterized by sulfide-ion damage to mature rice plants. The minimum content of free iron oxides required for paddy soil, is 15 g kg -1 (Goto et al., 2003) ; the content of the soil used in this study (18 g kg -1 ) exceeded the autumn decline limit. In addition, the iron concentration in the near-seed soil solution was not exhausted (Fig. 6) . Thus, seeds were impaired only by the surrounding, newly generated sulfide ions that had not yet bound with ferrous ions, even if the iron concentration was not exhausted. In contrast, the addition of sodium sulfide did not have much affect on rice seedling establishment (Hagiwara and Imura, 1993) , possibly due to the high reactivity of sulfide ions. Because added sulfide ions react immediately with ferrous ions in submerged soil, the insoluble iron sulfide produced is not harmful enough to impair rice seedling growth (Kumada, 1949) .
Seedling establishment was more impaired in submerged soil to which sulfate had been added than in soil with no added sulfate (Figs. 1, 2) . Sulfate ions did not affect soil reduction, as indicated by unaffected redox potential in samples to which ammonium sulfate had been added (Fig.  3 ), but were precursors of sulfide ions. Thus, the addition of sulfate to the soil caused more sulfates to be transformed to sulfide ions, which markedly damaged seeds. It may be necessary to avoid applying fertilizers containing sulfur in directly seeded rice cultivation although recent popular fertilizers consisting of coated urea contain little sulfur.
Sulfur was present in the original soil, and the sulfur concentration in near-seed soil solutions decreased over time regardless of the addition of sulfate (Fig. 8) . Sulfide ions generated from the sulfate ions in the original soil would also have impaired seedling establishment. The available sulfur content of the soil used was 2.0 mmol kg ). It is difficult to judge whether this amount is normal in paddy soil due to the limited availability of information, although Suzuki (1977) reported that sulfur should be applied to rice plants when the available sulfur content is less than 0.3 mmol kg -1 (10 μg g -1 ) to avoid autumn decline.
In a subsequent study, I used molybdate salts, which suppress the generation of sulfide ions, to investigate whether sulfide ions impair the establishment of directly seeded rice (Hara, 2013) .
